Abstract The conventional cultivation of globe artichoke causes high nitrogen (N) balance surpluses. The planning of more sustainable open-field horticultural systems (with no synthetic fertilizer supply) can contribute to the reduction of the nutrient surplus. We hypothesized that an artichoke conventional system could be shifted to a sustainable system through mineral fertilizer supply based on expected plant nutrient uptake, return of crop residues in well-defined growth phases, use of fertility-building crops, and crop rotations. Over a 10-year field experiment, three management systems, differing in fertilizer rates, crop sequence (monoculture/rotation with cauliflower), and legume cover crop adoption and management, were compared: (i) improved conventional, (ii) alternative monoculture, and (iii) biannual rotation. We monitored soil conditions at a sampling interval of approximately 3 years. We calculated gross N, P, and K balances for each growing season, and we also monitored soil respiration over the last two growing seasons. On average, the biannual rotation resulted in a well-balanced N budget (72 kg ha −1 N surplus) compared with improved conventional (160 kg N ha −1 N surplus) and alternative monoculture (− 34 kg ha −1 deficit) systems. By contrast, compared with the improved conventional system (133 and 116 kg ha −1 for P and K budgets, respectively), alternative monoculture and biannual rotation systems had negative budgets for P (− 9 kg ha −1 for both alternative systems) and K (− 58 and − 51 kg ha −1 for alternative monoculture and biannual rotation systems, respectively) in nine of ten growing seasons. Our results show for the first time that long-term biannual rotation with cauliflower coupled with cover crop use can optimize nutrient fluxes of conventionally grown globe artichoke. Overall, the study proposes a re-design of artichoke cropping systems, provides novel information useful for growers, and verifies that introducing a legume species cover crop is also the most promising approach to foster long-term sustainability.
Introduction
Vegetable crop production is most often based on relatively intensive horticulture. Frequent tillage, use of large doses of synthetic fertilizers and pesticides, and poor soil coverage are common problems that challenge the maintenance of soil organic matter content and soil quality in this type of production system (EIP-AGRI Focus Group 2015) . Given the very intensive production systems in which vegetables are typically grown, vegetable cropping is often associated with low nutrient use efficiencies and large nutrient losses. Excessive nitrogen (N) applications can lead to the designation of new zones vulnerable to nitrates from agricultural pollution, which has previously occurred in some intensive horticultural areas (Cameira and Mota 2017) . To improve environmental sustainability, a shift is required to other practices, which include increased inputs of organic amendments of either animal or plant origin, either produced on farm or bought from suppliers, use of cover crops or mulching, and possibly reduced tillage (EIP-AGRI Focus Group 2015) . Sustainable agriculture management minimizes effects due to conventional systems and preserves the soil resilience in the long term (Gomiero et al. 2011) . Cropping systems that include a legume cover crop also show positive effects by preventing N leaching and denitrification and by improving nutrient availability for the primary crop (Sánchez de Cima et al. 2015) . Additionally, the incorporation of fresh crop residues characterized by a low carbon-to-nitrogen (C/N) ratio stimulates soil respiration and microorganism growth and triggers a rapid mineralization of nutrients, specifically nitrogen and phosphorus (P) (Turmel et al. 2015) . Cynara cardunculus L. var. scolymus (L.) Fiori (globe artichoke) is an important vegetable crop primarily grown in Mediterranean countries for the large fleshy heads, as both a multi-year and annual crop depending on the cultivation area (Calabrese 2009 ). In southern Italy, an annual or a biennial crop cycle is adopted for autumn-tospring production (Calabrese 2009 ). In Sardinia, artichoke is primarily grown as an annual crop allowing growers to reach high economic gains because of earliness and the long productive cycle (from October-November to April, Pisanu et al. 2009 ) through the adoption of forcing technique (summer implantation by dormant offshoots, Ledda et al. 2013 ) and vegetatively propagated varietal types (e.g., "Spinoso Sardo"). The autumn-winter production is destined for fresh consumption, whereas the spring harvest is processed by industry (Sgroi et al. 2015) . In globe artichoke, head production may vary depending on varietal type, plant density, and duration of the crop cycle but always represents a small part of the total biomass production (Llorach et al. 2002) , which, at the end of each growing season, is usually grazed or burned . In Italy, the globe artichoke crop, since the beginning of the twentieth century, has been widely grown in continuous monoculture heavily relying on synthetic fertilizer use (Calabrese 2009 ). Unfortunately, crop rotations that include soil-conserving crops are not used, and therefore, the same cultural practices are applied year after year leading to the artichoke monoculture cropping system. In this context, the systematic return of globe artichoke crop residues, introduction of cover crops, and rotation may be considered tools that can assure long-term nutrient supply and soil fertility. Moreover, these practices represent basic management options for the re-designing of alternative and more sustainable cropping systems for globe artichoke. The Organization for Economic Cooperation and Development (OECD 2007a, b) developed the gross nutrient balance as an indicator aimed at assessing environmental sustainability of alternative management practices in a long-term period. To better investigate interactions between organic matter dynamics and nutrient availability, soil respiration monitoring is a useful tool to evaluate the effects of alternative soil management practices on mineralization and humification dynamics (Almagro et al. 2009 ). Despite some contributions investigating globe artichoke response to mineral fertilization (Ierna et al. 2012) , to our knowledge, only a few short-term attempts (Lenzi et al. 2015) have focused on planning innovative cropping systems. Therefore, in this study, we evaluated the long-term (10 years) sustainability of three globe artichoke management systems by combining information based on yearly nutrient fluxes. The specific objectives were the following: (1) to determine marketable artichoke yield and its components in different cultivation systems, (2) to calculate field gross nutrient balances for each management type, and (3) to analyze soil respiration to provide interpretation for the nutrient balance outcomes.
Materials and methods

Site and experimental design
The experimental field was established in 2006 at the experimental station "Mauro Deidda" near Sassari, Italy (40°46′ N, 8°29′ E; 81 m asl) (Fig. 1) , and the experiment is ongoing. The climate is attenuated thermo-Mediterranean (Emberger et al. 1962 ) with a 4-month drought period in summer coinciding with the highest temperatures. Long-term (l954-2007) average rainfall is approximately 550 mm primarily distributed in autumn, whereas the maximum monthly temperature ranges between 14.8°C (January) and 30.6°C (July) and the minimum temperature between 7.8°C (January) and 22.3°C (August). A gradual increase in average minimum temperature (+ 1.6°C above the 1954-2007 long-term series) occurred over the 10-year period but no marked changes in precipitation and average maximum temperature. The soil, classified as a Lithic Xerochrept (USDA 1999), had a pH value of 7.9 with sand and clay contents of 489 and 196 g kg , respectively, and electrical conductivity of 0.21 mS cm −1 at 0-to 40-cm depth. Cation exchange capacity was 27.1 meq per 100 g of dry soil with large amounts of calcium and magnesium (23.3 and 2.3 mg kg −1 , respectively). As a percentage of soil dry weight, soil water contents were 22.4 and 11.9% at field capacity and permanent wilting point, respectively. The following three cropping systems were studied: an improved conventional system, an alternative monoculture system, and a biannual rotation system. The three cropping systems were arranged in a completely randomized block design with three replicates. Blocks and plots were separated by approximately 3 m to avoid interaction effects and cross-contaminations among the differently managed systems as much as possible. To reflect the traditional forcing technique ), beginning in 2006, after soil preparation by plowing and harrowing, a total of 0.4 ha was annually planted within the last 10 days of July with 15-cm-long semi-dormant offshoots of Spinoso Sardo artichoke. The distance between plants within a row was 70 cm, achieving an overall density of 9524 plants ha −1 . Drip irrigation was applied to the entire experimental field (when accumulated daily evaporation reached 35 mm, 100% of maximum evapotranspiration) from the date of planting to the first rainfalls. The improved conventional system was yearly managed in continuous monoculture and with incorporation of dried plant residues into the soil by chopping and harrowing up to a 20-cm depth at the end of the crop cycle (end of June). Application rates of N, P, and potassium (K) were calculated from crop macronutrient uptake, which reflects the synchronization of crop nutrient requirements and soil macronutrient supply (Piras 2013). Averaging across years, total N, P, and K applied during the field experiment were 150, 125, and 140 kg ha
, respectively. Fertilizers were applied in four split doses at planting, midSeptember, late-November, and late-February. Pest and disease controls followed the regional recommendations (Pisanu et al. 2009; Spanu et al. 2017) . Weed control was achieved by mechanical means. The alternative monoculture and biannual rotation systems were conducted without synthetic pesticide and fertilizer use. In the alternative monoculture system, the artichoke-growing cycle was interrupted early at the end of the marketable harvest period (mid-April), and the fresh residues were chopped and plowed under. A shortcycle legume, French bean (Phaseolus vulgaris L. cv. Bronco) (Monsanto Agricoltura Italia SpA, Italy), was introduced both for the additional income and for the N supply. Indeed, the French bean was terminated at the reproductive stage, when plants produced the first pods (end of flowering). Fresh residues from this bean crop were also incorporated into the soil (end of June) by harrowing before the new growing season for artichoke began. The biannual rotation was based on a 2-year artichoke rotation with cauliflower (Brassica oleracea L. var. botrytis cv. Nautilus) (Clause Italia SpA, Italy). Both species were investigated on alternate plots; thus, all phases of the crop sequence were present in the field every year. Pea (Pisum sativum L. cv. Attika) (Limagrain Verneuil Holding, France) as a legume cover crop was undersown with artichoke and cauliflower in February. At the end of the primary crop marketable harvest period and when pea was flowering (midApril), all artichoke, cauliflower, and pea fresh residues were incorporated into the soil. Two months after incorporation, the beds in all plots were rotary-tilled for the next cauliflower or artichoke production cycle. No mineral fertilization or weed, pest, and disease controls were performed for the alternative monoculture and biannual rotation managements, except in the 2013-2014 growing season, when a chicken manure application supplied 107, 141, and 146 kg of N, P, and K ha
, respectively.
Globe artichoke marketable yield and its components
For head biometric characterization and yield determination, marketable early heads were picked immediately before bract divergence (stage D, Foury 1967) . Harvest began on each plot in November and continued for approximately 3 months because only early production characterized by the highest market price was considered. The average yield per plant was multiplied by crop density for absolute yield estimation.
Long-term variations in soil quality and nutrients
Soil was sampled in 2006 to assess initial soil conditions, in 2009 and 2013, and at the end of the last crop cycle in 2016. In each plot, four composite soil samples, of 4-cm diameter, were collected at 0-20-and 20-40-cm depths. After air-drying and sieving (2 mm), soil samples were analyzed for pH, organic matter, total nitrogen, available phosphorus, and exchangeable potassium in accordance with the standard methods of the Italian Soil Science Society (2000).
Gross nutrient balances
The field gross nutrient balances were evaluated following the criteria proposed by OECD (2007a, b) and AndristRangel et al. (2007) for the calculation of the surface input/output balances of N, P, and K. Concerning the N balance, fertilizers, biologically fixed N, and atmospheric deposition of N compounds were included as inputs, whereas marketed yield products were the outputs (OECD 2007a, b) . For P and K balances, fixed elements by symbionts were omitted. The amounts (kg ha −1 ) of N, P, and K applied to the crops by fertilizers were recorded yearly. Concentrations of N, P, and K declared by the manufacturers were used for the mineral fertilizer and poultry manure. Annual atmospheric deposition rates of N and P were derived from Markaki et al. (2010) . The mean flow rates for 2001 and 2002 reported by Markaki et al. (2010) for the entire region were used for the entire duration of the experiment. Following Andrist-Rangel et al. (2007), K depositions were not included in the calculation because estimates are very small (Morselli et al. 2008; Nastos et al. 2007 ). The proportion of N derived from the atmosphere (%Ndfa) in each plant organ of French bean and pea was quantified in the field according to the 15 N isotopic dilution method (Warembourg 1993) . Finally, the amount of fixed N (kg ha −1 ) was calculated by multiplying French bean and pea N yields (kg N ha −1 ) by %Ndfa. The samples of cover crop aboveground biomass were collected in a 0.5-m 2 central area of each plot immediately before incorporation into the soil. Cauliflower and French bean marketable production data were determined for each growing season by harvesting six plants per plot at weekly intervals throughout the harvest period (Fig. 1) . The average yield per plant was multiplied by crop density for absolute yield (kg ha −1 ) estimation. Total N concentration in the samples was measured by dry combustion in an elemental analyzer LECO 628 (628 Series; LECO Corp., St. Joseph, MI, USA). Phosphorus and potassium were determined according to AOAC methods (1995). Nitrogen, P, and K outputs per hectare of head and pod yields were calculated by multiplying their own element contents by the aerial biomass value (dry-weight basis). The results are expressed on a per-year basis. The results of gross balances were either positive, indicating nutrient accumulation in the soil, or negative, indicating nutrient depletion from the soil.
Soil respiration response to cropping systems
To create an area without plant roots, we installed a 40-cmdiameter PVC collar to a depth of 40 cm in each experimental plot in October 2014. To prevent re-growth, we kept the collar covered with brown non-woven spun bond. Respiration was measured between 1000 and 1400 h in a small PVC collar (10 cm in diameter and 10 cm in height) installed 2-3 cm into the soil within the larger collar. Soil respiration monitoring was conducted 8 years after the beginning of the experiment, when soil organic matter had apparently reached a relatively steady state. Measurements were conducted weekly over 12 months using an SRC1 (PP Systems, Hertfordshire, UK) closed chamber connected to a portable infrared gas analyzer (IRGA) EGM-4 (PP Systems, Hertfordshire, UK). The rate of soil CO 2 efflux was obtained using the PP system software, which fitted a quadratic equation to the increase of CO 2 concentration in the chamber recorded every 124 s. The mean value of three repeated measurements was used as the reading for each collar. The soil temperature close to the chamber was measured simultaneously with the measurement of CO 2 at a depth of 5 cm using an STP-1 soil temperature probe connected to an EGM-4 instrument. The soil volume-water content near the chamber was also measured simultaneously with the measurement of CO 2 at a depth of 20 cm using a TDR 300 soil moisture meter (Spectrum Technologies, Inc., Plainfield, IL, USA).
Statistical analyses
Data of dependent variables were subjected to analysis of variance using the MIXED procedure (SAS v 9.2 1999). Blocks were considered a random effect factor, whereas the three management systems and the ten crop seasons were considered fixed-effect factors. The repeated recordings of CO 2 flux, soil temperature, and moisture data over time in the same plots were accounted for by including these data as repeated effects. An autoregressive correlation structure and variance were assumed between data of samplings. Significance was determined using the F statistic, and α = 0.05. The denominator degrees of freedom in the F test for mean separation were calculated according to Kenward and Roger (1997) . All data, when necessary, were logtransformed to obtain homogeneity of variance.
3 Results and discussion
Globe artichoke marketable yield and its components
Significant year × cropping system interactions (Table 1) were detected for marketable head yield, number, and weight. Marketable yield was higher in nine of ten growing seasons in the alternative monoculture system than that in the other two systems. Consistent with the positive effect on total yield, the number of heads was also higher in the alternative monoculture than that in the other two systems. Additionally, the alternative monoculture showed the earliest production (averaged over the studied period), which allows growers to obtain high and remunerative prices within the Italian market (data not shown). Head weight was more variable than that of the number and was higher in the improved conventional system in 2008 and 2011 than in the other growing seasons (Table 1) . A significantly higher proportion of heads with atrophy (in the range 5.9-6.5%) within the improved conventional treatment could explain the difference in total head yield and number among treatments and over the ten growing seasons. Several environmental conditions can lead to this physiological head disorder (Francois et al. 1991; Mauro et al. 2008) . Our results for the improved conventional system are consistent with the findings of Shinohara et al. (2011) who observed a significantly higher proportion of heads with tip burn or atrophy in highthan low-N-rate treatments. Moreover, Leavitt et al. (2011) found that marketable yields were reduced compared with a control without a cover crop, as a result of fewer growing degree-days, which delayed early vegetable growth resulting in reduced yields. However, variation in summer (from planting to flower induction in the last 10 days of September) maximum temperature could be also responsible for major yield fluctuations across years. In both growing seasons with the lowest yields (2009-2010 and 2010-2011 , Table 1 ), the maximum temperature was 1.5°C (average from July to September) above the long-term weather series. By contrast, the relatively high yield across all treatments (Table 1) in the last two seasons (2014-2015 and 2015-2016) was related to the highest average maximum temperature in winter months (+ 1.5°C) and with no freeze event. Similarly, in a short-term experiment, Ledda et al. (2003) ascribed the high temporal variability of artichoke yields to the average maximum temperature encountered during the flower induction period. However, for a zucchini crop, although the variability of weather conditions between years may have affected total and marketable yields, cover crop management and organic fertilizers also caused significant effects (Montemurro et al. 2013) . Our results demonstrated for globe artichoke that when weather conditions during the development of heads were fairly similar to historical weather trends, productivity was relatively stable and therefore provided a stable supply of early heads during long-term cultivation. Indeed, when the maximum temperature during the summer months (negative influence) or during the winter months (positive influence) greatly exceeded the long-term maximum temperature values, we observed that globe artichoke production was dependent primarily on weather conditions rather than the management of the crop.
Long-term variations in soil quality and nutrients
Because soil properties were consistent across the 10 years between artichoke and cauliflower plots in the biannual rotation, only average data are discussed herein. A significant difference in soil pH among managements was detected during 2006 only. When soil is slightly alkaline, as in our study, a potential reduction in pH depends very much on the buffering capacity of the soil and over the long-term, a decrease in pH may not occur (James 2005). In our long-term experiment, two systems of monoculture (improved conventional and alternative monoculture) had significantly higher soil organic matter content (Table 2) than that of the biannual rotation system, and the alternative monoculture system was the only alternative to the improved conventional treatment which successfully accrued soil organic matter over time. In the biannual rotation, we hypothesized that soil organic matter was more likely to be maintained over time. The biannual rotation system had amounts of residues that were comparable with those of conventional and alternative monocultures; however, the likely low C/N ratio of the pea cover crop (≤ 15 according to Murungu et al. 2011) led to more rapid biomass decomposition and less organic matter storage than those in the improved conventional and alternative monoculture system. This hypothesis is consistent with the observations of Pavek (2012) who found that pea biomass decomposed very quickly because of the low plant C/N ratio and did not increase soil organic matter over the long term. However, some models suggest that high-quality residues easily incorporated into microbial biomass may lead to more long-term soil organic matter storage (Cotrufo et al. 2013 ). The total organic C content between the initial soil conditions and that in 2016 was not significantly different, whereas significant differences were found among cropping systems in 2013 and 2016 (Table 2) , with the same pattern previously demonstrated for soil organic matter. Total N concentration was not significantly different among treatments. Significant differences were found compared with initial soil conditions in 2006 (Table 2) , with the highest values observed in the establishment year, and total N concentration was significantly lower in the improved conventional system. Here, we hypothesize that because microbial growth requires carbon for energy and N to build proteins, when aboveground biomass with a high C/N ratio is incorporated (approximately 24, according to Mahmoud and Abd El-Kader 2012) , N is not available from the newly added organic material, and therefore, microbes must obtain N from the soil, depriving growing plants of N. This finding was consistent with no positive effect, on average, of the improved conventional treatment on yield, head number, or head weight. The unexpected values recorded in both alternative systems were most likely the result of cover crop and artichoke fresh aboveground biomass that progressively mineralized and increased the available N content following incorporation into the soil. Some authors (Tonitto et al. 2006; Montemurro et al. 2013) report that legumes can contribute up to 300 kg N ha −1
. Although much of this N is from aboveground biomass, pea root biomass may be as much as 12% of aboveground biomass (Montemurro et al. 2013) , which decomposes more slowly belowground. Overall, importantly, intercropping with legumes is recognized as a powerful way to promote a more diversified plant community in the field, which enables complementary and facilitative processes while providing valuable ecological services (Duchene et al. 2017 ). To maintain P availability to artichoke on calcareous soils, P fertilizer was applied on a regular basis in the improved conventional system, which therefore avoided the significant decrease in P compared with initial soil conditions that we observed in alternative monoculture and biannual rotation systems. Similar results were reported for a long-term study (Ohm et al. 2017) , in which a 12-year negative P budget reduced the level of plant-available P in soils of all organic farming systems, demonstrating that increasing the percentages of forage legumes and manure recycling in mixed arable crop rotations and grasslands does not necessarily mitigate decreases of plant-available P. Exchangeable K (Table 2) decreased over the experimental period, reaching the lowest value at the end of the experiment and in both of the unfertilized systems. With the decrease in K over the experimental period, some crop uptake of K released from the non-exchangeable pool likely occurred, as also hypothesized by Andrist-Rangel et al. (2007) in their long-term experiment. This phenomenon, previously reported by Kautz et al. (2013) , could be explained as a consequence of the biocycling of subsoil K, characterized by the slow release from available potassium sources.
Gross nutrient balances
Because of the significant interactions between treatments and years for all the analyzed nutrient balances, data were reanalyzed by year (Fig. 2) . In the improved conventional system, the annual gross N balance (and that for P and K) was relatively consistent over the years and was positive for all the analyzed growing seasons (Fig. 2) with an average surplus of 160 kg N ha −1 (ranging from 123 to 183 kg ha
−1
). Significant differences were also detected in mean P and K surpluses among years (in the ranges of 127-136 and 82-135 kg ha −1 for P and K, respectively). In eight of ten growing seasons, the alternative monoculture had a calculated N deficit that ranged from − 3.8 to − 28.5 kg ha Values without common letters are statistically different according to LSMEANS (P ≤ 0.05) in rows for each cropping system (uppercase letter) and columns for each year (lowercase letters) *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 respectively, Fig. 2 ). In the biannual rotation system, the N balance was always positive (average 72 kg ha ). Balances of P and K in the alternative monoculture (average − 9 and − 58 kg ha −1 for P and K, respectively) and the biannual rotation (average − 9 and − 51 kg ha −1 for P and K, respectively) were negative in all years, except in 2013-2014, when the total deficit of N, P, and K was replenished by supplying chicken manure (Fig. 2) . The amount of N that is supplied in excess of vegetable crop requirements and cannot be fixed in the soil is prone to reach adjacent ecosystems and cause water pollution (Cameira and Mota 2017) . Based on the N surplus indicator, the improved conventional system had a remarkable excess of N compared with the alternative monoculture (+ 102%) and the biannual rotation (+ 44%). According to Sulas et al. (2012) , N losses due to leaching were more than negligible in a nearby area, particularly in autumn. In the alternative monoculture, the high production was maintained at the cost of the soil organic N pool. This result might be primarily associated with the management of the French bean crop, because the marketed pods, in addition to an output in the balance, also represented a net removal from the field of a relevant amount of N that was biologically fixed by that legume. The extent of the French bean fresh pod harvest could be considered a further management option linked to the amount of N that was removed or left within the cropping system. In fact, with marketable pods left in the field (or performing a partial harvest), the gross N balance would have ranged from + 11 to − 11 kg ha −1 (almost neutral in the decade), with the balance only slightly negative for 2 years in the 10-year period (data not shown). In our nonfertilized systems, a positive N balance (outputs > inputs) was observed in the biannual-based rotation, which indicated appropriate nutrient management. The positive N balance was primarily due to the effect of the amount and quality (i.e., a low C/N ratio) of fresh crop residues returned to the soil, which was also found by Constantin et al. (2010) . After 10 years of cultivation in the biannual rotation, we found that the retention of residues maintained a high and relatively stable agronomic productivity and use efficiency of N inputs, thereby increasing sustainability. The pattern of the P and K budgets was similar, but the balance differed significantly between conventionally and alternatively managed systems. Alternative monoculture and biannual rotation systems had calculated P and K deficits, whereas the conventional system apparently accumulated both P and K. However, the deficiency of P and K in the unfertilized systems was small, and organic replenishment fertilization was only applied after 8 years from the beginning of the experiment. For P, our results might be explained by the fact that cover crops can increase internal P recycling via soil P mobilization, which was observed by Maltais-Landry et al. (2016) in their long-term trial. In our study, cover crops were incorporated into the soil Table 2 Mixed-model analysis of variance associated with the management types (improved conventional, alternative monoculture, and biannual rotation) and with 4 years (2006, 2009, 2013, 2016) of trial ) Soil organic matter (g kg Different letters indicate significant differences (P ≤ 0.05) among years (uppercase, within row) and management type treatments (lowercase, within column) only a few weeks before planting of subsequent crops to better synchronize residue nutrient release and nutrient uptake for the subsequent crop, which was also suggested by Cavigelli and Thien (2003) and Simpson et al. (2011) . By contrast, in the improved conventional system, fertilizers applied to the field in excess of plant requirements resulted in substantial accumulation of soil P, although our results are consistent with P surpluses that also occurred with mineral fertilizers (Shen et al. 2014) and in conventional production with other vegetables (Nesme et al. 2011; Yan et al. 2013) . Based on the soil K system budgets, the improved conventional system had unnecessarily high levels of K fertilization, which was also observed by Korsaeth (2012) for arable conventional systems in a 10-year trial. In the unfertilized systems with a K deficit, our results are consistent with Berry et al. (2003) and Blake et al. (1999) who calculated negative K budgets in organic systems without any form of K application. Moreover, in a study of three long-term field experiments with mixed cropping systems over an 18-year period, Andrist-Rangel et al. (2007) reported negative K budgets (input minus crop uptake) for organic systems in the range of − 22 to − 75 kg K ha
. Based on comparisons of nutrient budgets, the balances could vary widely within a cropping system. However, as the general conclusion, alternative systems -2007 2007-2008 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 K surplus (kg K ha -1 )
Growing seasons
Potassium balance Fig. 2 Gross N (nitrogen: upper subplot), P (phosphorus: middle subplot), and K (potassium: lower subplot) balances for improved conventional (blue bars), alternative monoculture (green bars), and biannual rotation (red bars for artichoke and gray for cauliflower) over the 10-year period. Error bars indicate standard error of the means promoted smaller nutrient deficits or surpluses than those of the conventional system, which should be an advantage, provided that nutrient reserves are not lost with leaching. The benefits of crop residue retention on agronomic productivity and sustainability are particularly important in soils such as those in Mediterranean areas, which are prone to erosion, drought, high soil temperatures, crusting or surface sealing, and hard-setting on drying (Lal 2009 ).
Soil respiration response to cropping systems
Because the experiment was irrigated, soil water content was relatively stable over the study period and poorly correlated with soil respiration (data not shown); as a consequence, soil humidity was not considered further in the discussion of the results. In the improved conventional system, over both growing seasons, the lowest soil respiration values occurred during winter, and then values gradually increased from March and reached a maximum in July, in a pattern similar to that of soil temperature (Fig. 3) . (Fig. 3) . By contrast, in the 2015-2016 growing season, the three systems showed a similar pattern of soil respiration with significant differences between alternative systems and the improved conventional system only on the last two monitoring dates. The difference in soil CO 2 emissions observed among treatments was most likely attributed to the difference in amount and quality of the residues added, which could have different effects on the biological properties and organic carbon mineralization of the soil (Iqbal et al. 2009; Mancinelli et al. 2013 ). In the alternative monoculture, in addition to the Fig. 3 Seasonal course of soil CO 2 emission rates during the studied period. Error bars indicate standard error of the mean (n = 12 plots per treatment and season). Respiration was measured for two consecutive artichoke-growing seasons at weekly intervals return of plant residues, the two peaks were also caused by soil tillage for seedbed preparation for the next crop cycle, as also observed by Schwartz et al. (2010) and West and Marland (2002) . Furthermore, Mancinelli et al. (2010) found that the incorporation of cover crop biomass into soil caused an increase in soil CO 2 emissions. In the biannual rotation, the first peak occurred at the conclusion of both primary crops (artichoke or cauliflower) plus cover crop in mid-April, and the second (at the end of June) was most likely due to a rapid mineralization phase based on the composition of plant residues (C/N ratio below 20 is expected to result in net mineralization). These findings suggest that alternative systems rely on the management of crop and cover crop residues, and in our study, the release of nutrients from residue decomposition, both in the alternative monoculture and biannual rotation, was most likely synchronized with patterns of plant nutrient uptake in the following crop cycle. The amounts of nutrients returned to the soil from the mineralization of residues combined with the N fixed by leguminous plants might explain the yield performance of alternative systems in the long term. Moreover, whereas in alternative systems, nutrients are efficiently recycled through the soil food web with soil organic matter content maintained or increased, in the improved conventional system, we observed that distribution of amounts of N based on crop uptake was an adequate strategy to maintain yields and contribute to the increase of soil organic matter. Finally, compared with an unimproved conventional system (typically based on the removal of crop residues, which was not considered in our study), a reasonable conclusion is that the benefits described for the alternative systems would be more significant in the long term.
Conclusions
Traditional management of the Mediterranean artichokecropping system must be re-designed to avoid nutrient surpluses that cause head disorder and yield losses and environmental concerns. Our study addressed an important research gap regarding the effects of crop residue management, introduction of legume cover crops, and biannual rotation on the long-term stability of nutrient fluxes for artichoke cropping. Moreover, two alternative, more sustainable artichokecropping systems were specifically set up and proposed. Therefore, our 10-year study provided a long-term evaluation of different strategies for crop residue management aimed to reduce N surpluses in artichoke-cropping systems, which included no removal of crop residues coupled with efficient synthetic fertilizer applications (improved conventional), legume cover crop adoption (alternative monoculture), and crop rotation plus cover crop (biannual rotation). Results from the long-term field experiment indicated that the combined introduction of a legume cover crop and biannual rotation was more beneficial for a well-balanced N budget than conventional (N surplus) and alternative monocultures (slight N deficit). Moreover, in the absence of synthetic fertilizers, the adoption of legume cover crops promoted valuable nutrient recycling without any decline in artichoke yield. Results also showed that fertility management using legume cover crops during artichoke production promoted similar soil quality compared with that of improved conventional practices based on incorporation of dry residuals into soil alone. Furthermore, results indicated that the use of fertility-building crops had the potential to maintain adequate soil quality in the alternative monoculture and biannual rotation systems. Compared with the improved conventional system, the different patterns of soil respiration measurements in the alternative systems indicated active decomposition processes of biomass. Overall, our findings highlight the importance of complementary sources of returned crop residues (primary crop and legume cover crop) for re-designed artichoke-cropping systems and provide novel information for producers. The adoption of modulated harvests in the intercropped legume (French bean) is suggested as an important tool to positively affect nutrient balance and economic returns. The complete evaluation of both amounts and specific chemical properties of root biomass from the different primary crops in the biannual rotation system requires investigation in future experiments.
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